Introduction
Since seizures are associated with abnormally synchronized brain electrical activity, electrical stimulation of many structures has been proposed as a potential treatment option (Fig. 1) . The first reported use of electrical stimulation for the treatment of seizures in humans was in 1973 and involved placement of electrode pads directly over the superiomedial surface of the cerebellar hemispheres in epileptic patients [1] . Early evidence suggested that this strategy was efficacious, with nearly 60% reduction in seizure frequency and a seizure freedom rate of approximately 30% [2] [3] [4] [5] [6] [7] [8] . However, two subsequent controlled studies on a combined 17 patients later showed that cerebellar stimulation made no significant difference in seizure outcomes [9, 10] , resulting in the eventual abandonment of the cerebellum as a stimulation target for seizures. Nevertheless, the idea of neuromodulation as a treatment for epilepsy has persisted, and various other stimulation targets have emerged as potential therapeutic options.
Different deep grey matter nuclei have been targeted in epileptic patients, based on experience with basal ganglia stimulation in movement disorders. Studies on subthalamic nucleus [11] [12] [13] [14] [15] and caudate nucleus [16, 17] stimulation have shown some promise, but appropriately controlled studies have not been performed. Similarly, stimulation of locus coeruleus [18] , hypothalamus [13] , and hippocampus [19] [20] [21] [22] has been tried, but low numbers of patients prevent definite conclusions. Thalamic stimulation has been more extensively studied, with two targets identified. The anterior nucleus of the thalamus has been investigated in a large randomized controlled trial of 110 patients [23] . At 5-year follow-up, the median percent reduction of seizures from baseline was 69%, and 16% of subjects were seizure free for at least 6 months [24] . Stimulation of the centromedian nucleus of the thalamus has also been investigated: An uncontrolled study in13 patients with Lennox-Gastaut syndrome found an 80% reduction in seizures [25] , even through two subjects had to be explanted due to complications. However, a controlled trial in 7 patients found no statistically significant difference in seizure frequency between stimulation on and off times [26] .
More recently, the idea of treating 'seizures rather than epilepsy' [27] has emerged with the advent of responsive cortical stimulation. 191 patients were treated with a responsive neurostimulator device, using implanted depth or subdural electrodes to record electrocorticographic signal and deliver current in response to abnormal activity [28] . This randomized controlled trial showed that over a three-month period, the treatment group experienced a 37.9% reduction in seizure frequency, compared with a 17.3% reduction in the control group.
The idea of directly stimulating the cortex is appealing, as seizures are thought to arise from cortical grey matter. However, as illustrated above, several studies have targeted deep nuclei, with the aim of propagating the current and indirectly affecting distant epileptogenic sites. Therefore, whether directly or indirectly, the most important initial aspect of using stimulation to treat epilepsy is to somehow interface with the 'epileptic neural circuit' [29] . In this way, targeting white matter fibers may represent an alternative to stimulation of neural cell bodies.
Why white matter stimulation?
One potential advantage of white matter stimulation is that lower current is required to modulate neural activity, allowing widespread activation of neural tissue via natural pathways and with additional benefits in terms of battery life. There are three reasons for this. First, the small cross sectional diameter of white matter tracts allows for smaller stimulation volumes. Second, white matter has a lower threshold of excitation than grey matter, because axons are inherently more excitable than cell bodies [30] . Third, whereas cortical stimulation activates both excitatory axons and inhibitory dendrites, white matter stimulation affects only axons. This results in a higher net current, as only the excitatory components of the circuit are triggered [31] .
In addition to the practical benefits, the white matter stimulation paradigm may also be theoretically more efficient than that of grey matter. If the goal is to deliver electric current to the epileptogenic tissue, then stimulating a small number of axons in white matter and allowing the current to propagate to the neuronal cell bodies, either ortho-or antidromically, is more efficient than stimulating all the somata directly in the grey matter itself [32] . This method indirectly allows low stimulation volumes to impact large cortical areas through various modulatory effects. Furthermore, the electrical stimulation of a white matter tract is thought to synchronize its electrical output, and subsequently 'overdrive' the electrical activity of the downstream cortical epileptogenic zone, effectively reducing seizures [33] .
Effects of white matter stimulation
In studies of the effect of mesial temporal stimulation on memory, it has been shown that stimulation of extrahippocampal regions has distinct effects on memory than when compared with direct stimulation of the hippocampus itself, possibly because fiber tract stimulation, whether forniceal or entorhinal, activates only one neuronal population within the hippocampus, leaving the rest of the structure unaffected [34, 35] . This is similar to the theory that direct stimulation of white matter transiently inhibits subcircuits within a network (in this case the memory network) without altering the function of the network as a whole [36] . The rationale for these theories is supported by the observation that as long as stimulation frequencies do not exceed 200 Hz, the signal does not propagate beyond the first synapse because of GABA-related inhibition [37] . The same principle forms the theoretical basis that allows for subcortical white matter stimulation mapping of language circuits, with practical applications in temporal lobectomy [38] as well as tumor resection [39] .
Although the short-term physiological effects of white matter stimulation seem to be restricted to grey matter structures that share a synapse, long-term effects are assumed to have a more extensive modulatory influence throughout the brain. One example of this is cranial nerve stimulation in the treatment of epilepsy, with current targets being the vagus [40, 41] and trigeminal nerves [42] . These cranial nerves are not central nervous system structures and might respond differently to stimulation than intracranial tracts, but they are white matter conduits that synapse directly with brainstem nuclei, so neuromodulation of these structures may have similar effects. It is possible that the electrical signal either reaches cortical epileptogenic cortex to modulate its activity directly, or, more plausibly, causes gradual remodeling of affiliated networks leading to an eventual decrease in seizure frequency. A recent study comparing diffusion tensor imaging and positron emission tomography in an epileptic patient before and after implantation of a vagal nerve stimulator demonstrated improved diffusion in the right fimbria and fornix after six months of stimulation, with an increased ratio of fractional anisotropy in those white matter tracts, as well as globally improved cerebral glucose metabolism [43] . These findings support the hypothesis that long-term white matter stimulation can induce neural network transformations distant to the site of stimulation.
Additionally, the white matter in an epileptic brain is abnormal compared to that of a non-epileptic brain. In mesial temporal lobe epilepsy, for example, fractional anisotropy decreases and mean diffusivity increases in several white matter regions, including the corpus callosum, internal and external capsule, uncinate fasciculus, and superior longitudinal fasciculus [44] [45] [46] . Furthermore, in those who undergo temporal lobectomy, diffusion tensor imaging reveals progressive postoperative white matter changes, with decreased fractional anisotropy in ipsilateral fornix and uncinate tracts due to Wallerian degeneration, as well as increased fractional anisotropy in ipsilateral corona radiata compatible with plasticity [47, 48] . These findings of epilepsy-induced alterations in white matter network structure and function, and the ability of associated fibers to physiologically change following surgical intervention, implies that therapeutic stimulation may represent a viable option. Electrical stimulation might regulate or normalize these disrupted networks to decrease seizure frequency, and the clinical effects of white matter stimulation in epilepsy are only beginning to be elucidated.
Present experience with white matter stimulation in epilepsy
There is as yet no study evaluating the effect of chronic stimulation of white matter tracts on epilepsy, but several investigators have evaluated the effect on epileptiform discharges. The first such study was published in 1989, when Marino Junior et al. began using intraoperative corpus callosum stimulation prior to callosotomy in patients with atonic seizures to evaluate effects on surface EEG [49] . Using parameters of 1 msec pulse width, amplitude of 2-3 V, and frequency of 100-200 Hz, they observed a disruption of bilateral synchronous discharges with stimulation. Based on those intraoperative findings, they subsequently implanted two patients with permanent 8-lead electrode pads over the anterior convexity of the corpus callosum. They intended to use stimulation to interrupt the spread of seizures between the two hemispheres, while avoiding the split-brain complications associated with sectioning of the structure, as is traditionally done. For unclear reasons, the stimulators were never activated; although both patients reportedly exhibited a clinical improvement in seizure frequency post-operatively, it is important to note that seizure outcome with stimulation was not assessed, and therefore this study does not provide direct evidence that white matter stimulation might be effective as a chronic treatment for epilepsy.
Interestingly, animal data from the same group suggests that corpus callosum stimulation may not be effective in the treatment of seizures. In a feline topical penicillin-generated epilepsy model, corpus callosum rostrum stimulation during continuous seizure discharge produced no significant changes in frequency, synchrony, and morphology of bilateral epileptic bursts and spikes [50] . The reason for this may lie in the timing of stimulation relative to seizure discharge. Rat studies have shown that, with low frequency stimulation, current applied to a seizure focus in the amygdala immediately after a seizure discharge can facilitate kindling and further seizure development, while current applied during the seizure both reduced seizure severity and after-discharges [51, 52] . Therefore, although the feline and rat studies were using different delivery sites, it is clear that the effectiveness of stimulation for epilepsy depends not only on site, but also on stimulation timing and parameters.
In 2009, Khan reported the use of mamillothalamic tract stimulation to treat gelastic and complex partial seizures in two patients with hypothalamic hamartomas [30] . Using 90 ms pulse width, amplitude of 3-3.5 V, frequency of 140 Hz, and cycled stimulation of 2 minutes on and 1 min off, both patients had a significant decrease in seizure frequency, with one patient achieving seizure freedom after 14 months. The trial was successful in that both patients were able to return to school full-time postoperatively, whereas they previously had prolonged absences.
More recently, Koubeissi et al. implanted fornix electrodes in 11 epileptic patients during inpatient epilepsy monitoring [53] . Stimulation was performed in 4-h sessions, with parameters of 20 ms pulse width, current intensity of 8 mA/phase, and frequency of 5 Hz. They found that hippocampal spikes were significantly reduced during and following each forniceal stimulation session, and that odds of a seizure occurring were reduced by 92% in the two days following stimulation. This was an acute study that did not evaluate long-term efficacy, but did provided evidence for two important principles. First, the fact that electrical stimulation in the fornix elicited measured evoked responses in the hippocampus demonstrated not only the connectivity of the two structures, but also that stimulation of a white matter tract, the fornix, can produce an alteration in the electrical properties of a distant but associated grey matter structure, the hippocampus. Therefore, it provided an in vivo example, in humans, that indirect activation of a grey matter target can occur via stimulation of its associated white matter tract. Second, low frequency stimulation was used, whereas most studies of stimulation in epilepsy have used high frequencies [54] . High frequency stimulation is thought to inhibit neuronal cell bodies and excite neighboring axons [55] . Low frequency stimulation, on the other hand, is thought to potentiate GABA-mediated inhibitory post-synaptic potentials, inducing cellular hyperpolarization for prolonged periods of time, and ultimately protecting neurons from seizure activity. This was demonstrated in an elegant study by Toprani and colleagues, where low frequency stimulation of the ventral hippocampal commissure, in in-vitro slice preparations containing bilateral hippocampi, resulted in diminished stimulus-induced hyperpolarization, as measured by GABA-related inhibitory post-synaptic potentials [56] .
Conclusions
While the concept of using electrical stimulation to treat epilepsy is longstanding, the idea of targeting white matter has only been recently investigated. White matter stimulation, due to its ability to affect large numbers of neurons with lower current volumes, has the advantage of allowing activation of a large area of cortex using native pathways while potentially prolonging battery life. This potentially more efficient method of stimulation likely has both immediate effects on seizure-propagating circuits as well as long-term modulatory effects on neural networks. Although clinical data are currently limited, the model shows practical and theoretical promise, and novel targets and stimulation paradigms are likely to emerge.
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